Charge density waves in transition metal dichalcogenides have been intensively studied for their close correlation with Mott insulator, charge-transfer insulator, and superconductor. VTe2 monolayer recently comes into sight because of its prominent electron correlations and the mysterious origin of CDW orders. As a metal of more than one type of charge density waves, it involves complicated electron-electron and electronphonon interactions. Through a scanning tunneling microscopy study, we observed triple-Q × and single-Q × modulations with significant charge and orbital separation. The triple-Q × order arises strongly from the p-d hybridized states, resulting in a charge distribution in agreement with the V-atom clustering model. Associated with a lower Fermi level, the local single-Q × electronic pattern is generated with the p-d hybridized states remaining × ordered. In the spectroscopic study, orbital-and atomic-selective chargedensity-wave gaps with the size up to ~ were resolved on the atomic scale.
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Charge density waves (CDWs) in transition metal dichalcogenides (TMDs), MX2 (M=Ti, V, Nb, &Ta, X=S, Se, &Te), have provoked fundamental interests in electron-phonon coupling and electron correlations [1] [2] [3] [4] . Various states of matters, such as insulator, superconductor, and normal metal, are closely related to the CDW orders in the phase diagram [5] [6] [7] [8] [9] [10] [11] [12] . Modeling a specific CDW material in theory is highly challenging owing to numerous factors, such as hybridizations, Coulomb interactions, band structures, and so on. The periods of many CDW phases associated with structural modulations in TMDs can be explained by the Fermi surface nesting of the d electron bands [13] . As an exception, the d 1 configuration favors an atom clustering, which can be understood by the chemical bonding of d orbitals [13] . A typical example is the √13 × √13 CDW ensembled by star-of-David metal atom clusters, which has been deeply studied in TaS2 and TaSe2 [7, 11, 14, 15] . Recently, the VTe2 monolayer (ML) was found to be of the d 1 configuration with 4 × 4 CDW [16] . In experiment, an angle-resolved photoemission spectroscopy (ARPES) study revealed that the CDW order opens an anisotropic gap near the Fermi level [17] . The microscopic images of CDW modulations obtained with scanning tunneling microscope (STM) show different phase shifts relative to the lattice implying an inter-unit-cell distribution of orbitals [16, [18] [19] [20] . These experimental findings suggest a nonuniform distribution of the CDW orders in real space. In theory, the phonon calculation came out with the instability of quadruple-unit-cell period [17, 18] , while the density functional theory (DFT) calculation obtained a preference of the 3 × 1 structural modulation similar to the bulk [16, 18] . Complex CDW phenomena generally involve competing interactions. As the VTe2 ML has not only d and but also p bands near the Fermi level [16] [17] [18] 21] , the structural modulation may result from the Jahn Teller effects driven by the p orbitals [13] . In addition, the weak Coulomb screening in 2D materials would give rise to large binding energy of excitons and a nonlocal interaction of charge [22] . Thus, to fully understand the CDW mechanism of VTe2 ML, a thorough study combining orbital, charge and CDW order emergent from the electronic instability is highly demanded.
In this letter, we investigated the VTe2 ML grown on the highly oriented pyrolytic graphite (HOPG) substrate, where the 4 × 4 CDW has been discovered in previous reports [16] [17] [18] [19] [20] . Our results demonstrate that the universal 4 × 4 modulations are bonded to the p-d hybridized states. A spatial charge separation of p and d states is resolved within the 4 × 4 unit cell on the atomic scale. These findings are further verified by comparing the electronic structure of the 4 × 4 CDW with an additional 4 × 1 modulation. We suggest that the p-d hybridization and the nonlocal Coulomb interaction should be particularly considered in such a big CDW unit cell.
The experiments were carried out in a combined molecular beam epitaxy and low-temperature STM system with a base pressure of 1 × 10 −10 . The growth of 1T-VTe2 was performed at a substrate temperature of 315 ° with 3 a growth rate of 30 mins/ML. Through STM measurement at 5 , we found that the low-temperature CDW phases of the ML 1T-VTe2 are sensitive to the growth temperature of the substrate. The structural modulations in previous reports [19, 23] may depend on growth conditions as well. The samples that we will discuss in this letter have only areas with 4 × 4 and 4 × 1 modulations. Fig. 1(a) shows the topographic image of ~0.8 ML VTe2 thin films on the HOPG substrate. The first layer forms continuous islands covering most of the substrate and the second layer forms small triangular islands. As is well known, the first layer undergoes a CDW phase transition at ~190 K from a pristine 1T phase to a 4 × 4 CDW phase [17, 20] .
The zoomed-in images of the first layer exhibit voltage dependent 4 × 4 and 4 × 1 modulations as shown in Fig. 1(b) and 1(c) . Surprisingly, while the period in the 4 × 4 area remains the same at different voltages, the 4 × 1 area turns to be more 4 × 4-like at a negative voltage in Fig. 1 (c). The atomically sharp boundary between 4 × 4 and 4 × 1 areas evidences the metastability of the two phases. The / values as functions of energy and position are obtained by mapping the tunneling spectra in both 4 × 1 and 4 × 4 areas ( Fig. S3 ). The / cuts at selected energy are displayed in Fig. 2 (e-p). To learn general information about the electronic structure, the inter-energy cross-correlation ( 1 , 2 ) in both areas was calculated to characterize the similarities between the / maps at a different energy, which is similar to the method applied in Y. Chen et al.'s work [24] . The formula to calculate cross-correlation is:
where ( 1,2 , , ) is proportional to the / value measured at the bias voltage 1,2 = 1,2 / ( represents the electron charge) and the spatial coordinates ( , ). Fig. S1(a) , the spatial evolution of these two CDW gaps near the boundary is visualized with higher energy and spatial resolution. These evidences bridge the CDW orders with the Fermi level.
The energy narrowness of the valence and the conduction bands describes the strongly localized gaps or pseudogaps. Although it is beyond the lateral resolution of STM to identify whether a gap is fully developed on the atomic scale, a maximally 70% spatial corrugation of the occupied DOS (Fig. S3 ) illustrates a definitely strong charge localization. An anisotropic CDW gap has been reported by the previous ARPES study with a 50 maximal Fermi energy [17] . In agreement with the gap anisotropy in the momentum space, our results reveal that the CDW gaps are strongly orbital and atom-site dependent with the size up to ~400 (peak-to-peak).
The above discussion clearly demonstrates that the p-d hybridized states generate a triple-Q 4 × 4 modulation, while the single-Q 4 × 1 pattern appears locally as a stripe ordering of all p and d bands imposed on the 4 × 4 order.
Owing to the complex electronic structure near the Fermi level, it is difficult to pin down the origin of the single-Q order. Here, we will put forward several relevant aspects to have an open discussion on the emergence of 4 × 1 modulations. First, the occurrence of the single-Q order is in company with a reduction of charge density, i.e., the occupied electron states. Provided the preference of quadruple-unit-cell susceptibility of the VTe2 ML as predicted by phonon calculations [17, 18] and the p-d charge separation that we have observed, the p-d staggered 4 × 4 modulations is the optimal solution for the CDW order subjected to the Coulomb energy. With a reduced Coulomb interaction, 6 modulations of other periods may come out, e.g., the 4 × 1 modulation. Second, the V-clusters would have ground states of degenerate chemical bonds similar to the star-of-David clusters in TaS2 [11, 15, 25] . A lower Fermi level means the smaller electron filling numbers in the degenerate bonds. To some extent, the electrons would fill some of bonds in prior to the others, which leads to a single-Q ordering. The similar origin has been used to explain many single-Q CDW orders in TMDs [13] . Third, the VTe2 layers show an intension to form stripe orders, since a quite complete collection of periods has been discovered, such as 2 × 1 for few layers [18, 26] , 3 × 1 for bulk [27, 28] , and 4 × 1, 5 × 1 for ML [19] . Forth, the single-Q order seems to be sensitive to the charge doping in TMD materials. For example,
The triple-Q to single-Q transition was observed in TaS2 with Hf substitution [29] and TiSe2 with Cu intercalation [30] .
However, the local pinning and the band doping effects of the defects cannot be completely disentangled in the VTe2
ML.
In conclusion, we investigated VTe2 ML on the HOPG substrate with 4 × 4 CDW and local 4 × 1 patterning. Our 
Supplementary Material for "Orbital-collaborative Charge Density
Wave in Monolayer VTe2" S1. Spatial evolution of tunneling spectra from the × to the × area. Fig. S1(a) shows the topographic image of both 4 × 1 and 4 × 4 areas. The boundary of these two areas is marked as a dashed line. The tunneling spectra were recorded along the blue arrowed line in Fig. S1(a) S2. Tunneling spectra at specific positions in the CDW unit cell Fig. S2(a) shows the topographic image of the area where all data were measured in Fig. 2 . With a lower positive voltage, the topography of the 4 × 1 area is dominated by the stripe-like features at ~0.3 . The position of the "A" sites is located at the / maxima in the 4 × 4 modulation at −170 in Fig. 2(m) . In the 4 × 4 area, the averaged tunneling spectra of the atoms with the same atomic numbers in Fig. 2(d) are plotted in Fig. S2(b) . "X" denotes the position of the largest charge density of the pure p orbital indicated in Fig. 2(p) , which is in the center of three "A" sites other than "5" [Fig. 2(d) ]. In the 4 × 1 area, the averaged tunneling spectra of the atoms along the same stripes are plotted in Fig. S2(c) . The stripe "α" is defined as the brightest stripe at 290 in the 4 × 1 area of Fig. 2(i) . The other 3 stripes are spaced by one lattice vector labeled as "β", "γ", and "δ". The averaged spectra of "A" sites and "X" sites in the 4 × 1 area are plotted as well in Fig. S3(c) for comparison.
In the 4 × 4 area [ Fig. S2(b) ], the intensities of the peaks near −0.2 decrease and their positions shift to the right in the sequence of "A" to "B" to "C" and "D" indicating the charge distribution due to the V-atom clustering. As expected for the charge maximum of the p orbitals, the "X" site shows the highest intensity at voltage below −0.8 . In the range from −0.5 to −0.7 , the peaks of "A" and "B" sites are located at lower voltage than those of "C", "D", and "X" sites. The former represents the energy of the flat d-band and the latter represents that of the flat p-band near the point in Fig. 2(b) , which is consistent with the charge separation of p and d orbitals.
In the 4 × 1 area [ Fig. S2(c) ], the "A" site makes the highest peak near −0.2 , because both the 4 × 4 and the 4 × 1 ordering
give rise to its high charge density. The "α" stripe contributes the pronounced / peak of d orbital at ~0.3 as in Fig. 2(i) , and the "γ" stripe dominates the voltage below −0.8 for its p orbital nature as in Fig. 2(p) . Other features basically agree with the smooth transition of the aforementioned features and superimposed features from the 4 × 4 order. Figure S3 . Topographic image and / maps of the data in Fig. 2 . The voltage and corrugation are marked on the images.
